Combustion can be used to enhance recovery of heavy, medium, or light oil in highly heterogeneous reservoirs. Such broad range of applicability is attained because not only do the high temperatures increase the mobility of viscous oils
INTRODUCTION
In situ combustion is generally considered as a technique that is applicable to heavy oils because of the significant reduction in oil viscosity. However, it also promotes production through thermal expansion, distillation, and gas drive generated by the combustion gases, so it can also be used to recover light oils. In this case the air injection process is often referred to as "high pressure air injection" and can be applied to deep light oil reservoirs, (K) hydrocarbon in oil phase (mol/m 3 ) u o , u g , u oil, gas, and total Darcy velocities (m/s) φ porosity u gj Darcy velocity of gas components ψ l , ψ m volume fractions in oleic phase: j = l, κ, r (hydrocarbon, oxygen, rest) (m/s) light and medium components (m 3 /m 3 )
NOMENCLATURE
whereas the term "in situ combustion" (ISC) traditionally has been used for heavy oil reservoirs. Our interest is in recovering relatively low viscosity oil from low permeability heterogeneous reservoirs using air injection leading to oil combustion. Therefore, we will consider combustion of medium and light oils rather than of heavy oils. Air injection can be effective in heterogeneous permeability reservoirs as the oil evaporates away from the lower permeability parts to be collected in the higher mobility streaks. High solubility of the light components in liquid fuel is an advantage of high pressures, leading to a higher oil recovery (Mailybaev et al., 2013) .
There is a large body of literature describing the use of HPAI (high pressure air injection, starting at ∼100 bars) to recover oil. There are technically and economically successful HPAI projects applied in light oil reservoirs (Fassihi et al., 1997; Huffman et al., 1983; Parrish et al., 1974a,b) . Application of HPAI is confined to reservoirs at large depths, because high pressures need to be applied. However, at shallower depths, an alternative is to inject at medium pressures (∼10-90 bars) for light and medium oil in heterogeneous low permeability reservoirs. The question is whether acceptable recovery efficiencies can also be obtained at medium pressures. We will show that combustion process at medium pressures is characterized by medium temperature oxidation (MTO) wave. In this wave all physical processes, reaction, vaporization, condensation, and filtration are active. The name of the wave comes from the fact that the maximum temperature is bounded by liquid boiling temperature at elevated pressure and, thus, cannot be very high. De Zwart et al. (2008) compare equation of state (EOS) models with multicomponent combustion models to assess their applicability to in situ combustion under HPAI conditions. Even for HPAI, De Zwart et al. conclude that air injection cannot be modeled as a flue gas displacement process as this leads to an underestimate of the recovery, because certain thermal aspects are not adequately captured (Montes et al., 2010) , such as stripping and condensation mechanisms. It is also concluded by Montes et al. (2010) that HPAI is more than a simple gas flood. Some of the residual oil can be moved and mobilized by the thermal processes; this "extra oil" can be driven towards the production wells either by the flue-gas drive or thermal processes. In other words, these thermal processes play an important role also at medium pressures; these are the focus of this paper.
Combustion of light oil and medium oil (AbouKassem et al., 1986; Akin et al., 2000; Bruining et al., 2009; Brigham, 1997, 2003; Kok and Karacan, 2000; Lin et al., 1984 Lin et al., , 1987 Mailybaev et al., 2011a; Wahle et al., 2003; Xu et al., 2004) are described by different mechanisms. Indeed, the mechanism actually responsible for oil displacement in the combustion process varies with the type of oil. For medium viscosity oils with medium boiling points, the oxygen in the air burns heavier components of the oil, generating heat leading to coking, cracking, and vaporization of lighter components, in which lighter components move out of the reach of oxygen. For light oil, the small amount of coke formation is usually disregarded, although it can occur (Khoshnevis Gargar et al., 2010) . Also, vaporization and condensation are equally important as the oxidation reaction (Mailybaev et al., 2013) . As opposed to medium oil combustion, light oil combustion usually occurs at lower temperatures, because vaporization displaces part of the fluid out of reach of the combustion process and consequently the fuel concentration in the combustion zone becomes low. However, when little vaporization occurs, a larger part of the oil is oxidized and relatively high temperatures can still occur, which is a result obtained in this paper.
At low temperatures, the crude oil can undergo oxidation reactions with or without small amounts of carbon monoxide and dioxide generation. Rather, oxygenated hydrocarbons are formed. This is usually termed "low temperature oxidation" (LTO). As the temperature rises, distillation coupled with pyrolysis produces hydrogen gas and some light hydrocarbons in the gas phase. A major part of light hydrocarbons is produced as they move outside the reach of oxygen (Fassihi et al., 1984) . However, oxygen reacts with light hydrocarbons left behind and therefore medium temperature oxidation (MTO) occurs, which produces, e.g., CO and CO 2 . Further increase of the temperature leads to deposition and combustion of coke, and the combustion process is called HTO. When coke concentration is sufficient for complete consumption of air, the hydrocarbon ahead of the combustion front does not contact oxygen. In contrast, in the case of low fuel concentration a significant amount of oxygen moves ahead of the combustion zone (Mailybaev et al., 2011a,b) . This results in an LTO process downstream. The viscosity of oxygenated crude oil is higher than the viscosity of the original crude (Poling et al., 2001 ). The activation energy for LTO is generally lower than that for HTO (Kumar et al., 2010) .
In summary, we have high temperature oxidation (HTO), when cracking occurs and coke is formed, which is subsequently oxidized at high temperatures; low temperature oxidation (LTO), when the oxygen is incorporated in the hydrocarbon molecules to form alcohols, aldehydes, acids, or other oxygenated hydrocarbons (Greaves et al., 2000a,b; Hardy et al., 1972) ; and medium temperature oxidation (MTO) (Germain and Geyelin, 1997; Greaves et al., 2000b; Gutierrez et al., 2009) , when the oxidation reaction leads to scission of the molecules and to the formation of small reaction products such as water, CO, or CO 2 . It is the purpose of this paper to quantify the relative importance of vaporization/condensation and oxidation for light oil in an MTO process, and relate it to the oil composition, air injection rate, and pressure. We propose a simplified model considering light oil recovery through displacement by air at medium pressures. The presence of liquid fuel, which is mobile and can vaporize or condense, is a challenge for modeling the combustion process. We only consider the one-dimensional flow problem, expecting that its solution contributes to the understanding of the MTO process (Germain and Geyelin, 1997; Greaves et al., 2000b; Gutierrez et al., 2009) .
A number of conceptual combustion models describing ISC have been studied theoretically and experimentally in the past (Abou-Kassem et al., 1986; Akin et al., 2000; Akkutlu et al., 2004 Akkutlu et al., , 2005 Alexander et al., 1962; Belgrave and Moore, 1992; Bruining et al., 2009; Brigham, 1997, 2003; Fassihi et al., 1984; Kok and Karacan, 2000; Lin et al., 1984 Lin et al., , 1987 Xu et al., 2004; Yortsos and Akkutlu, 2001 ). Most of the models assume liquid phase or coke combustion as the source of energy to sustain ISC and high temperature oxidation. There are also papers that focus on numerical simulation of the combustion process (Adegbesan et al., 1987; Crookston et al., 1979; Gerritsen et al., 2004; Gottfried et al., 1965; Khorsandi Kouhanestani et al., 2011; Kumar et al., 1987; Lin et al., 1984; Youngren et al., 1980) . These papers deal with the kinetics of the reactions for light and heavy oil (Lin et al., 1984) , fluid phase behavior, heat losses and different numerical schemes. Khorsandi Kouhanestani et al. (2011) focus on the complex phase behavior. Medium pressure air injection has been studied less extensively. The combustion of light oil at medium pressure (10-90 bars) is introduced as medium temperature oxidation (MTO) in this paper, as the temperature is controlled by evaporation. Greaves et al. (2000b) carried out two tests on a light Australian oil (38.8
• API) starting at initial oil saturations of S o = 0.41 and 0.45, at an operating pressure of 70 bard and an initial bed temperature of 63
• C. The combustion temperature was about 250
• C in both tests. Gillham et al. (1998) show that for the deep Hackberry reservoir, air injection can increase the light oil recovery to economical significance. They distinguish between application of high and low pressures in the field trials. The low pressure trial is conducted between 20 and 40 bars. Unfortunately, supporting tube tests were only reported at high pressures (230 bars). The paper reports two incidents of fire, one in the high pressure test and one in the low pressure test, both occurring in the injection well. Gutierrez et al. (2008) describe a low pressure (14 bars) laboratory test with light oil, which gave rise to relatively high temperatures (478 • C). Khoshnevis Gargar et al. (2014b) carried out air injection experiments with one-component oil at medium pressures and low injection rate, they found out that physical and chemical sorption of oxygen occurs at low temperatures before the scission reaction. Germain and Geyelin (1997) describe combustion tube tests with light oil in heterogeneous low permeability (1-100 mD) reservoirs using pressures of 40-45 bars and leading to combustion temperatures between 260
• C and 370
• C. Low pressure thermal gravity and differential scanning calorimetry test results (Li et al., 2004) show that distillation is the dominant process for the recovery of light and medium oils at elevated temperatures. The process studied in this paper is very similar to the mechanism described here.
Because the MTO process has been studied only in models with one hydrocarbon pseudo-component (Mailybaev et al., 2013) , we assert that our understanding of the oxidation/vaporization/condensation mechanisms in MTO wave can be improved by considering a simple model involving a two-component oil mixture, e.g., heptane and decane in dry porous rock. Heptane and decane represent pseudo-components as volatile and nonvolatile components respectively, which are characterized by an average boiling temperature, density, and viscosity for each. Heptane represents the light component, which can both evaporate and combust, whereas decane represents the medium fraction of the mixed oil, which we assume to react with oxygen, but it cannot vaporize. The main discerning factor in the MTO combustion process is the ratio between vaporization, and combustion in the low injection rate regime. It turns out that the oxidation, vaporization and condensation often occur close to each other in the MTO wave in the case of the larger presence of light components. Vaporization occurs upstream of the combustion zone. The temperature variation is bounded by the oil boiling temperature. Such regime is in good agreement with the predictions based on a single pseudo-component model (Mailybaev et al., 2013) . We show that adding more non volatile components reverts the sequence of oxidation/vaporization in the MTO wave. This leads to much higher temperatures, eventually changing the combustion regime to HTO. The overall flow consists of three waves, viz., the thermal, MTO, and saturation wave.
The paper is organized as follows. Section 2 describes the physical model and presents the governing equations. Section 3 describes analytical solutions and the MTO wave profile for an oil model with one pseudocomponent. Section 4 presents numerical solutions of the two-component model for several sets of conditions. We end with some conclusions.
MODEL
We study a two-phase flow problem including combustion when air is injected into porous rock filled with oil composed of light and medium fractions. The light oil (volatile component) can both evaporate and oxidize, whereas the medium oil (non volatile component) can only oxidize. In our applications, we disregard gas-phase reactions, while it is still a matter of debate whether gasphase reactions play a significant role in porous media as annihilation of free radicals at the pore walls will drastically reduce the reaction rates (Bamford and Tipper, 1977; Fisher et al., 2000; Helfferich, 2004; Levenspiel, 1999; Schott, 1960) . We can summarize the reaction process in the following reaction equations:
i.e., one mole of oxygen reacts with ν oi moles of oleic (liquid) hydrocarbons (i = l, light and i = m, medium fractions) generating ν gi moles of gaseous products (H 2 O, CO 2 , etc.). This system is studied in 1D, allowing for the presence of oil and gas. The liquid oil saturation is s o and the gas saturation is
In the gaseous phase, we distinguish between the molar fraction of hydrocarbon gas Y l and the molar fraction of oxygen Y κ . The medium oil component does not exist in the gaseous phase. The remaining components with molar fraction Y r = 1 − Y κ − Y l consist of reaction products and inert components of the injected gas. X m and X l are the mole fractions of the medium (non volatile) and light (volatile) components in the oleic phase (X m + X l = 1).
In the model that follows we will assume that the light oil and medium oil behave as an ideal mixture with neither heat nor volume effects due to mixing. Then the oil density can be expressed as
where ψ m and ψ l are the volume fractions of the medium and light components (ψ m + ψ l = 1), and ρ M and ρ L are the pure oleic densities of the medium and light components, respectively. The volume and molar fractions are related by
where ρ om and ρ ol are molar densities of medium and light components in the oleic phase. For the ideal gas, the molar and volume fractions coincide. The molar densities of gas components are given by
The molar mass balance equations for liquid and gas components can be written as
where u αj means the Darcy velocity of component j in phase α. In summary, there are four components, viz., light oil (l), medium oil (m), oxygen (κ), and the rest (r). The light component can exist in the oleic phase (o) and the gaseous phase (g), the medium component only exists in the oleic phase (o), whereas oxygen and the remaining gases can only exist in the gaseous phase. The oleic, gaseous phase, and total Darcy velocities are
are the oleic and gaseous phase viscosities. For the gas viscosity µ g composition dependency is disregarded. P o is the oleic phase pressure and P g is the gaseous phase pressure. We disregard capillary forces in what follows; i.e., we take P o = P g . We denote the permeability of phase α by k α . We use the ideal gas law to relate the molar density ρ g to the pressure P g ,
One can derive the following expressions for the velocity of the medium and light components in the oleic phase as (Bird et al., 2002 )
where D o is the oleic liquid diffusion coefficient, which we take as D o = 10 −10 m 2 /s. Similarly we approximate the velocities of the components in the gas phase by
The gas diffusion coefficient is of the order of 10 −7 m 2 /s, i.e., much larger than the liquid diffusion coefficient.
The relative permeability functions depend on their respective saturations as
The composition and temperature dependence of the viscosity µ o is given by Koval (1963) 
where we choose b = 0.25; see also Eq. (4.1). In this equation, E m and E l are the activation energies for the viscosity of medium and light components in the oleic phase. We use T m and T l to denote the activation temperature for the viscosity of medium and light components, which are equal to E m /R and E l /R.
By adding up the Eqs. (2.5)-(2.7), the total balance of gas is
(2.14)
The energy balance equation is
where C m , C o , C g are the heat capacities for the rock matrix, the oleic phase, and gaseous phase, respectively, which are all assumed to be constant and independent of composition. We use λ to denote the effective thermal conductivity. We neglect heat losses, which are usually very small in field applications (however, taking into account heat losses becomes essential for interpreting laboratory experiments). The full system of balance equations includes Eqs. (2.3)-(2.6), (2.14), and (2.15). The partial pressure of the gaseous hydrocarbon assuming liquid-gas equilibrium is derived using the Clausius-Clapeyron relation and Raoult's law; it can be expressed as
where T bn is the (normal) boiling point of the light component measured at atmospheric pressure P atm . Taking Y eq l = 1 in (2.16), one recovers the actual boiling temperature T = T bl at the elevated gas pressure P g > P atm . We can see that Y eq l increases with temperature and Y eq l → 1 as T → T bl . There are better boiling point relations than Clausius-Clapeyron (see Poling et al. (2001) ), but this relation is sufficiently accurate for our purposes.
We express the reaction rates for light and medium components by
where A rl and A rm are the frequency factors for the oxidation rate of the light and medium components. We use T ac l and T ac m to denote the activation temperatures for these oxidation rates. The activation temperature is related to the activation energy E act−i as T ac i = E act−i /R, where i = l (light) and m (medium). Usually 0 < n < 1, and we use n = 1 in our simulation. The vaporizationcondensation rate is given by
where we assume that the vaporization rate is proportional to the deviation of the mole fraction of the light component in the gas phase Y l from its equilibrium value Y eq l , the surface area s 2/3 o , the mole fraction of the light component in the liquid phase X l , and an empirical transfer parameter k l is equal to 1 which has a dimension of s −1 in our simulation. This formulation can be considered to be a consequence of nonequilibrium thermodynamics (see Levenspiel (1999); Prigogine (1962) ). The vaporization rate W v vanishes under the conditions
when either there is no liquid light component or it is in thermodynamic equilibrium with the gaseous phase. Note that when condensation occurs in our simulation, the oil saturation is bigger than zero.
Initial and Boundary Conditions
The initial reservoir conditions are taken as
These conditions correspond to the reservoir filled by oil and gas (with no oxygen) at given oil saturation, composition, and temperature. It is necessary to specify the initial pressure curve P ini (x) in the domain of interest, i.e., for 0 ≤ x ≤ l, where l is the length of the system. For simulation purposes the following choice is convenient:
We use the parameters from Table 1 and l = 100 m.
The injection boundary conditions at x = 0, t ≥ 0 are 22) corresponding to the injection of air at reservoir temperature. The condition u = u inj leads to an injected gas flux of u inj ρ g . It is assumed that there are no gaseous hydrocarbons in the injected gas, i.e., Y l = 0. The production boundary conditions at x = l, t ≥ 0 are
where P res is a constant reservoir pressure. Note that our simulation describes air injection to a reservoir at constant initial temperature, with no use of any additional ignition mechanism.
ANALYTICAL SOLUTION FOR ONE-COMPONENT OIL
It is the purpose of this paper to understand the relative importance of vaporization/condensation vs. oxidation, by studying a two-component mixture of volatile and non volatile oil. We first summarize the results of the analytical solution for the one-component system found by Mailybaev et al. (2013) for reasons of easy reference. The analytical solution (Mailybaev et al., 2013) considers the combustion of a one-component light oil (heptane) by medium temperature oxidation (MTO). The numerical results for such oil including molecular diffusion, capillary, and thermal conductivity effects can be found by Khoshnevis Gargar et al. (2014a) . Capillary diffusion increases the temperature in the upstream part of the MTO region and decreases the efficiency of oil recovery. However, we showed that for the realistic conditions, the diffusive processes has no significant influence on the behavior of the MTO wave.
Our interest is always in the behavior at large times, when the solution consists of a sequence of waves separated by constant states. It is shown in Fig. 1 and is composed of three waves, i.e., the thermal, the MTO, and the saturation wave. The thermal wave is the slowest wave due to the high heat capacity of the rock. The constant state at the upstream side of the thermal wave is determined by the injection boundary conditions. As shown in Fig. 1 , respectively. Finally, the saturation wave region travels downstream of the MTO wave, see Fig. 1 . In this region, the temperature is constant and equal to T = T ini . Therefore, we have thermodynamic equilibrium between liquid and vapor heptane, i.e., Y l = Y eq l (T ini ), and there is no net vaporization or condensation. The injected oxygen has been consumed completely in the MTO region. Therefore, we have Y κ = 0 in the saturation wave region and no reaction occurs. This region is described by a Buckley-Leverett solution, which uses the standard procedure involving the Welge tangent construction (Welge, 1952) . Briefly from upstream to downstream, the Buckley-Leverett solution consists of a rarefaction, a shock, and a constant state; see also (Oleinik, 1959) .
We continue to detail the behavior in the MTO region. The mathematical analysis is simplified in an essential way by the physical assumption that the vaporization rate is much faster than the reaction rate. Under this assumption the MTO region is divided into a vaporization region (VR) and a reaction region (RR); see Fig. 2 . The VR is very thin. Its width is approximately proportional to the ratio between the reaction and vaporization rates. The sur-
FIG. 2:
Schematic graphs of the MTO wave profile in the one-component oil model. Indicated are changes in the temperature T , liquid fuel saturation s o , oxygen fraction Y κ , and fuel fraction Y l in the gas. The thin region VR is dominated by vaporization and the much wider region RR is dominated by the MTO reaction (with slow condensation). The VR is much thinner than the RR, because it is assumed that the vaporization rate is much faster than the reaction rate (Mailybaev et al., 2013) .
prising feature of MTO is that the thin vaporization region is located upstream of the RR. Here the fraction of gaseous fuel rises from Y l = 0 in the injected gas to the equilibrium value Y l = Y eq l (T ) at the downstream end of the VR (see Fig. 2 ). Since this region is very thin and the reaction rate is not large at the prevailing low fuel concentration, the oxygen consumption in the VR is negligible. Downstream of the VR, we have the RR. In the RR, most of the MTO reaction occurs, as well as slow condensation due to temperature decrease in the direction of gas flow. Along the RR, the equilibrium condition Y l = Y eq l (T ) holds approximately.
NUMERICAL MODELING OF TWO-COMPONENT OIL
Let us consider the reservoir parameters given in Table 1 . These values correspond to heptane (C 7 H 16 ) and decane (C 10 H 22 ) as light (volatile) and medium (non volatile) fractions of the fuel. In Table 1 we used MTO rate parameters compatible with the experimental results by Freitag and Verkoczy (2005) . We neglect the capillary effects in the model but the COMSOL software reintroduces numerical diffusion. For the viscosities (cp), we use Sutherland's formula for the gas (air) (Poling et al., 2001 ) and the Arrhenius model for liquid (heptane and decane) (Poling et al., 2001) given in Pa·s and for T in K as
We use the quarter power rule for the oil mixture viscosity; see Eq. (2.13).
We utilize a fully implicit numerical solution approach based on finite elements. We formulate and solve the finite element problem with the COMSOL software, which gives numerical results that can be compared to the analytical solution of the one-component model. We apply the mathematical module of COMSOL to introduce the model equations in weak form. We use fifth-order Lagrange elements, which means that the basis functions in this finite element space are polynomials of degree 5. In other words, on each mesh element the solution is a polynomial of degree 5 and the entire solution is a sum of piecewise fifth-order polynomials. The grid size in the numerical simulation is 0.01 m, which is fine enough to capture the multi scale processes and is capable of resolving salient features. Indeed, a spatial resolution of 100/0.01 = 10 4 is enough to resolve qualitatively the fine structure.
Effect of the Light (Volatile) Component Fraction
As shown in Fig. 3 (left) , the numerical solution exhibits a thermal and an MTO region in the same way as did the analytical solution for the one-component system in Fig. 1 . In this case the initial volume fraction of the volatile component (C 7 H 16 ) is 0.8 in the oil mixture. The saturation region has moved out of sight to the right. For the parameter values used by us, the thermal wave is the slowest wave (it lies between 0 and 25 m in Fig. 3) . Therefore, the thermal wave travels in the region of the reservoir from which the light liquid and gaseous hydrocarbons were displaced, i.e., s o ψ l = Y l = 0; however, small amounts of medium oil remain behind (between 0 and 10 m), upstream of the MTO wave. The reaction rates W rl , W rm and the vaporization rate W v are all zero or very small in the thermal wave region. Since there is no reaction in the upstream part of the MTO wave, the oxygen fraction
is constant. The temperature in the thermal wave changes from the injection value T = T ini upstream to some value T − in the plateau. The gradual temperature increase is due to the nonzero value of the thermal conductivity in the first term of the right-hand side of Eq. (2.15). The Darcy velocity upstream of the thermal wave is the injection Darcy velocity u = u inj and it increases downstream due to thermal expansion of gas.
The MTO region contains the most interesting wave in our solution, viz., the vaporization/combustion wave; see Fig. 3 (right) . Downstream of the MTO region, the temperature is equal to the initial temperature T = T ini . This implies the liquid-gas equilibrium Y l = Y eq l (T ini ), and there is neither vaporization nor condensation; see (2.18). No reaction occurs downstream of the MTO region as the oxygen has been consumed completely in the MTO region (Y κ = 0); see (2.17).
In summary, when the volatile component represents a large fraction of the oil (in our case ψ ini l = 0.8), vaporization/condensation determines the effectiveness of the combustion process for oil recovery. This effectiveness is more pronounced at lower boiling points. As shown in Fig. 3) . However, not all of the non volatile oil is displaced by the volatile oil, but small amounts remain behind the MTO wave (between 0 and 10 m) because the MTO wave is not initially strong enough to displace the medium oil. This initialization effect causes a slow decrease in the oxygen profile in the first 10 m. The decrease is not visible in Fig. 3 because of the small amounts of fuel and low temperature in that region.
As shown in Fig. 3 , the temperature profile is bounded by the boiling temperature (T bl = 478.5 K) of the volatile fraction at elevated pressure. Indeed, one can see that the temperature upstream of the MTO region increases to become close to T bl , as was already conjectured by Mailybaev et al. (2013) . The oleic saturation downstream of the MTO region is about 0.67, and from this point, the flow continues with a constant state. The BuckleyLeverett profile may follow further downstream, and this profile passed the right end at the time of Fig. 3. 
Effect of the Medium (Non-Volatile) Component Fraction
The two-component system in which one component evaporates and condenses at low or moderate tempera- Fig. 3 , vaporization occurs upstream of the MTO wave. Singlecomponent studies (Mailybaev et al., 2013) showed that the combustion front moves considerably faster when vaporization/condensation occurs. In the two-component system ψ ini m = 0.2 shown in Fig. 3 , the enhancement of oil recovery by distillation is confirmed.
In Fig. 4 , where initial oil is a mixture of light (ψ ini l = 0.4) and medium component (ψ ini m = 0.6), thermal and MTO waves are distinguished. The saturation region has moved out of sight to the right. The general appearance of the solution (Figs. 4 and 3) is preserved even when the fraction of light component decreases to 0.4. The thermal wave travels in the region of the reservoir from which the light liquid and gaseous hydrocarbons were displaced. But a small fraction of medium component remains behind the MTO wave (between 0 and 30 m) because the MTO wave is not initially strong enough to displace the medium oil. This amount (see Fig. 4 ), however, is considerably larger than the amount in Fig. 3 as a consequence of the presence of three times more non volatile component in the initial mixture (0.6 with respect to 0.2). The presence of left-behind medium oil (initialization effect) in Fig. 4 can explain the smooth temperature increase in the upstream part of the thermal wave (between 10 and 30 m). Since there is some (small) reaction of medium component in the upstream part of the MTO wave, the oxygen fraction Y κ = Y inj κ decreases smoothly but very little before the sharp decline at x = 63 m. The temperature in the thermal wave increases from the injection value T = T ini upstream to a peak due to the reaction of oil left behind and then reaches some value T − in the plateau. The MTO region in Fig. 4 at x = 63 m, i.e., the region characterized by the fast decrease in oxygen fraction Y κ , consists of a region for reaction and another for vaporization. The vaporization region is located upstream of the reaction one. At the upstream side of the MTO region, hydrocarbon evaporates, whereas it condenses at the downstream side (see Y l in Fig. 4 between 63 and 70 m) . The gaseous hydrocarbon profile Y l has a peak with a finite width.
In Fig. 5 , the fraction of the medium component in the initial oil was increased to 0.8. As one can see comparing with Fig. 4 , the general appearance of the waves is not preserved. The oil acts more like immobile fuel in the HTO process (Mailybaev et al., 2011b) , though it moves slowly through the domain. Vaporization of the light component occurs downstream of the reaction zone (see the profile of Y l that starts at x = 40 m), so that the vaporization is not effective for oil recovery anymore. As shown in tion; we have no correspondence to Fig. 1 . In this case, reaction of a large amount of left-behind medium component with oxygen leads to a steep increase in temperature to almost 600 • C before the latter decreases to its initial value T ini downstream of the condensation region. Since there is no light component in the reaction zone, the temperature is not bounded by the boiling point of the light component T bl . The gaseous hydrocarbon fraction Y l increases steeply (at x = 40 m in Fig. 5 ) and then condenses gradually downstream to the equilibrium value at the initial temperature. The slow condensation of hydrocarbon from the gas leads to an increase in the light oil profile in Fig. 5 . Note that the behavior near the vaporization region, shown in amplified form in Fig. 5 (right) , leads to a large oscillation (a large drop followed by an increase downstream) in non volatile oil component s o ψ m . The described process has much in common with the HTO description by Mailybaev et al. (2011a,b) . However, there are differences such as oscillations in the saturation profile.
We conclude that the MTO wave structure depends drastically on the initial oil composition. When the light component fraction is sufficiently large, the vaporization occurs in the upstream side, leading to effective temperature control and high recovery rate (Figs. 3 and 4) . On the contrary, when light oil fraction is low, vaporization region moves to the downstream side of the combustion zone (Fig. 5) . This leads to very high temperatures and slow recovery rate. We should note, however, that our two-component model of MTO is not valid for such high temperatures, because cracking and vaporization of the medium component becomes a relevant part of the process (Mailybaev et al., 2011a,b) . Thus, our model is only capable of predicting a qualitative change of the combustion regime, while a specific profile in the case of Fig. 5 must be confirmed using a different model; the latter is a topic for a future research.
Effect of Air Injection Rate
Now let us study the relative importance of vaporization and combustion in an air injection process under different air injection rates. As shown by Fig. 6 , the general appearance of the wave sequences is not preserved for the oil mixture of 0.8 volatile components at a three times higher air injection rate (u inj = 2.4×10 −6 m/s). Due to higher injection velocity, a large part of the light component is swept away by the injected gas (see s o ψ l in Fig. 6 ). As shown in Fig. 6 compared to Fig. 3 , the amount of evaporated light hydrocarbon (Y l ) decreases significantly with higher injection rates. The left-behind medium component reacts with oxygen (between x = 0-30 m), and releases heat. Because the vaporization is not acting as the dominant recovery method at higher injection rates, the released heat leads to high temperatures, although the initial mixture is light (ψ This decrease supports the conclusion that the MTO process is less efficient for light oil recovery under higher injection rates. Now, we investigate the air injection rate effect on the process effectiveness when the oil mixture is composed of large amounts of non volatile component (ψ ini m = 0.8).
As seen in Fig. 7 , the recovery process is faster than at a lower injection rate (see Fig. 5 ). More left-behind oil is combusted and leads to higher temperatures in the domain. For both oil mixtures, Figs. 7 and 6, the oxygen decline is steeper than in the case of low injection rates. The minimum (at x = 2 m) is related to the combustion of the medium component, while the second minimum related to vaporization in Fig. 5 (at x = 36 m) is not seen in the high injection rate profile.
In summary, the increase of injection rate leads to the combustion regime, where reaction occurs upstream of vaporization, resulting in high temperatures and low efficiency of medium oil recovery. As in the previous section, we can rely on our model prediction about the transition to the regime with HTO, but a model with cracking is necessary for an adequate quantitative description at high temperatures.
Effect of Pressure
This section considers the relative importance of vaporization and combustion in air injection processes under higher pressure in the reservoir. As shown in Fig. 8 , the general appearance of the wave sequences is preserved for the oil mixture of 80% volatile components at higher Table 1 but with a three times higher air injection rate.
pressure (P res = 30 bars). The thermal, MTO, and saturation wave velocities get higher when the reservoir pressure increases from 10 bars (see Fig. 3 ) to 30 bars (see Fig. 8 ). We see that the downstream liquid saturation stays around the value s + o ≈ 0.7 for both pressures, albeit this value slowly increases with increasing pressure, in agreement with the analytical result based on a single pseudocomponent oil model (Mailybaev et al., 2013) . Pressure increase leads to an increase of temperature as well as an increase of the MTO wave speed relative to the injection speed. When the oil mixture is light, the temperature in the thermal wave is still bounded by the boiling temperature of the volatile oil at elevated pressure. The width of the reaction region (RR) evaluated by the decline of oxygen concentration is of the order of 1.5 m in the lower pressure model shown in Fig. 3 , while the width in the higher pressure solution (Fig. 8) is of the order of 40 cm. Higher pressure leads to a higher reaction rate [see Eq. (2.17)], and hence a rapid decline in oxygen fraction. It seems that the vaporization is slightly less effective in the high pressure regime (see Y l in Fig. 8 ) than in the moderate pressure regime.
CONCLUSIONS
Oil recovery by air injection is a promising method to improve recovery of light/medium oil from low permeability reservoirs; it can be modeled as a medium temperature oxidation (MTO) process. We proposed a model considering vaporization, condensation, and reaction with Table 1 but with a higher pressure, P res = 30 bars.
oxygen. It includes three gaseous components (oxygen, gaseous hydrocarbon, and remaining gas) and two components (volatile and non volatile) in the oil phase, and consists of the mass and energy balance equations. The MTO combustion completely displaces the oil at the expense of small amounts of burned oil. A mathematical model was proposed to study the effect of oil composition, air injection rate, and pressure on the role of vaporization/condensation and combustion during oil recovery by MTO combustion in porous media.
We used a high-order finite element software package (COMSOL) to obtain numerical solutions for different mixtures of volatile and non volatile oil. The character of the MTO wave changes by altering the composition of the oil. Generally the solution consists of three waves, i.e., a thermal wave, an MTO wave, and a saturation wave separated by constant state regions, while the order between vaporization and oxidation in the MTO wave changes for different sets of conditions. For a predominantly light oil mixture, vaporization occurs upstream of the combustion process, a fact that is also confirmed by previously obtained analytical and numerical solutions for one-component volatile oil (Khoshnevis Gargar et al., 2014a; Mailybaev et al., 2013) . The combustion front velocity is high as less oil remains behind in the combustion zone. For oil with more non volatile component (0.8 in volume fraction), the vaporization moves to the downstream side of the combustion zone in the MTO wave. As more oil stays behind in the combustion zone, the velocity of the combustion zone is slower, albeit with much higher temperatures. Due to high temperatures, we conjecture a transition to the HTO combustion mechanism in this case, which should be confirmed using a more elaborate model.
The simulations show that there is a bifurcation point, determined by the fraction of the medium component, where the character of the combustion process changes from a vaporization-dominated to a combustiondominated process. In a vaporization-dominated process less oil stays behind in the reservoir. Numerical calculations make it possible to establish a range of parameters for the bifurcation point, where the character of the combustion changes from a predominance of vaporization to a predominance of combustion. Finally, the MTO wave is less efficient for light oil recovery under higher air injection rates, but the recovery is faster at higher pressure.
